Cytocompatibility of nickel-free Ti-Mo-Al shape memory alloys was evaluated and compared with that of a conventional Ti-Ni shape memory alloy. Two types of cytotoxicity tests were performed; in static and dynamic conditions. In the static condition, human normal diploid fibroblast HEL299 was cultured on the disks of the three materials and cell growth was examined. In the dynamic condition, the disks were rotated in extraction medium with zirconia balls at 37 C for 14 days, and the collected extraction medium was added into HEL299 culture to examine its inhibitive effect on cell growth. Quantification of metallic elements in the collected extraction medium was also performed. The results showed that Ti-Mo-Al alloys had a rate of cell growth similar to that of Ti-Ni alloy in the static condition. The extraction medium of Ti-Ni alloy, however, tended to inhibit cell proliferation more than those of Ti-Mo-Al alloys. Nickel was detected in all of these extraction media, but that of Ti-Ni alloy was about three times higher than those of Ti-Mo-Al alloys. These facts indicate that developed Ti-Mo-Al alloys have higher cytocompatibility than the Ti-Ni alloy.
Introduction
Ti-Ni shape memory alloys have been used in dental device as well as metallic stents in cardiovascular and gastrointestinal fields because of their good mechanical properties, especially their shape memory effect and/or superelasticity. Metallic biomaterials implanted in the human body are exposed to aggressive environments, including a body fluid containing chloride ion, amino acids, and various proteins, at lower partial pressure of oxygen than in air. 1) Cell behavior such as adhesion, spreading and growth onto the material surface as well as secretion of proteins and other chemicals may influence their corrosion resistance. For example, macrophages are proved to accelerate corrosion and release of titanium ions from commercially pure titanium. 2) Ti-Ni shape memory alloys have relatively high corrosion resistance because of thin surface oxide layer mainly constructed by TiO 2 , 3) however, it is corroded even in vitro condition with wear. 4) The corrosion of nitinol wire stents used as aortic endografts are also reported. 5, 6) When metallic devices are corroded inside the human body, they may release metal ions into surrounding tissues, which may cause toxic effects on the tissues. Since Ti-Ni shape memory alloys are composed almost equiatomic nickel and titanium, the release of nickel ion from the alloys is reported. 3, 4) Nickel and its compounds are classified into the substances which cause cancer to humans by IARC, 7) and their damages on chromosome has been reported. 8, 9) Nickel and its compounds are one of the major hapten inducing contact dermatitis. 10) Therefore, it is preferable to have new shape memory alloys without nickel for biomedical use.
Recently, the development of new shape memory alloys is attempted by designing them with biocompatible, nontoxic elements such as Ti, Nb, and Mo as main components for biomedical uses. Ti-Nb-Sn, 11) Ti-Nb-Al, 12) Ti-Nb-Zr, 13) TiNb-O, 14) Ti-Nb-Ta, 15) Ti-(8-10)Mo-4Nb-2V-3Al (mass%), 16) Ti-Mo-Ga, 17) Ti-Mo-Al 18) are the examples of new, Ti-based, Ni-free shape memory alloys reported. However, the biocompatibility of these nickel-free shape memory alloys has never been evaluated in vitro or in vivo.
Biocompatibility of materials is increasingly evaluated using cultured cells because of their lower cost, shorter term, higher reproducibility, and reliability than in vivo evaluation. It is also proved that the results of the cytotoxicity evaluation correlate well to the levels of inflammation observed by in vivo implantation tests. 19) Cytotoxicity evaluation has been performed for the specimens of pure metals and alloys, [20] [21] [22] [23] [24] metal salts, [25] [26] [27] [28] particulate metals, [29] [30] [31] [32] and metallic debris. 33, 34) In this study, the cytocompatibility of newly developed nickel-free shape memory alloys, Ti-Mo-Al, is evaluated using human normal diploid fibroblasts in static and dynamic conditions, comparing with that of a conventional Ti-Ni shape memory alloy.
Materials and Methods

Sample preparation
The materials used are Ti-50.2Ni (at%) alloy, Ti-6Mo-3Al (at%) and Ti-6.5Mo-3Al (at%) alloys. The preparation processes of Ti-Mo-Al alloys were found in the previous work.
18) Briefly, they were prepared by an Ar arc melting method from pure Ti, Mo, and Al with high purity. The ingots were homogenized at 1373 K for 86.4 Ks in Ar, and then, cold-rolled at room temperature up to 95% reduction, resulting in 0.3-0.4 mm in thickness, followed by a heat treatment at 1073 K for 60 s in air.
Ti-50.2Ni alloys were purchased from Furukawa Electric Co., which is prepared by a plasma arc melting method, followed by hot press, annealing and cold-rolled up to 28% reduction, resulting in 0.68 mm in thickness. Then the alloy was heat treated at 773 K for 600 s in air.
Specimens for cytotoxicity tests, which were disks with a diameter of 12 mm, were fabricated from each alloy by an electro-discharge machine. The damaged surface was removed by polishing with #600 SiC paper in water, followed by rinsing in acetone ultrasonically. The disks of Ti-50.2Ni, Ti-6Mo-3Al, and Ti-6.5Mo-3Al were sterilized by autoclaving at 121 C for 20 min prior to the cytotoxicity tests.
Cytotoxicity test in static conditions
The sterile disks of three alloys were separately located into the bottom of a 24-well microplate. Human normal diploid fibroblast HEL299 was cultured on each disk at the concentration of 4000 cells/well in 1 mL culture medium; Eagle's minimum essential medium (E-MEM) with nonessential amino acid (NEAA), 0.1 M sodium pyruvate (NaPyr), 0.1% (w/v) lactalbumin hydrolysate (LAH), and 10% (v/v) fetal bovine serum (FBS). The cells were cultured at 37 C in a CO 2 -incubator for 1, 4, and 7 d. Then, the cells were fixed by 2.7% (v/v) glutaraldehyde solution for 10 min and stained by 10% Giemsa's staining solution for 10 min. The stained cells were observed by a microscope and their images were captured via a CCD camera (Sony CCD-IRIS DVC-108 and CMA-D2) into a personal computer as an image of 640 Â 480 pixels with 256 gray levels. This image was transformed into a binary image at an appropriate level to display the shapes of the stained cells, and then, the area occupied by the cells was counted using particle counting function of a free image analysis software, Scion Image (Scion Corporation, Maryland, USA; available at http:// www.scioncorp.com/). Five different views were analyzed and averaged for every disk.
Cytotoxicity test in dynamic conditions
The preparation of extracts under dynamic condition is schematically shown in Fig. 1 . One or two disks of each alloy were separately attached to the sterile glass weight by an adhesive to control their total weight as 2:00 AE 0:05 g in sterile condition. Then, the disks were placed into a Teflon vessel which was filled with 2 mm zirconia balls as a single layer on its bottom and sterilized by autoclaving in advance. Then, 20 mL of the extraction medium, E-MEM with NEAA, 0.1 M Na-Pyr, 0.1% (v/v) LAH and 20 mM N-2-hydroxyethylpiperazine-N 0 -2-ethane sulfonic acid (HEPES), were poured into the vessel. The vessel was rotated at 300 rpm being kept at 37 AE 2 C over a sheet-type heater for 14 d. The extracting medium was collected aseptically and used for the cytotoxicity test. In advance to the cytotoxicity test, the extract was diluted with the extracting medium as the ratio of 0.5, 0.25, 0.125, and 0.0625.
About 3:0 Â 10 2 HEL299 cells were seeded in 100 mL of the culture medium into each well of a 96 well-microplate. Based on the results of the pretests performed under the same procedure, the number of cells inoculated was determined. The same amount of the medium without cells was added to the blank well. The plate was kept for 20 min at room temperature before it was put into the CO 2 -incubator in order to prevent the difference in cell growth of 36 outside wells to other inner wells. Then, cells were cultured for 4 h and a 100 mL portion of extracts or its diluted solutions was added into the well. The same amount of extracting medium unused to the dynamic extraction was added to the control well. Five concentrations were tested for each extract of three materials. Six replicate wells were prepared for each concentration of the extracts. After the second incubation of 9 d, the cells were fixed by 2.7% (v/v) glutaraldehyde solution for 10 min and stained by 0.4% (w/v) crystal violet in methanol solution for 10 min. The absorbance at 595 nm was measured by a microplate-reader. The relative viability of the cells (RVC) was calculated by the following equation:
where a was the average absorbance of the sample wells, b was the average absorbance of the blank wells and c was the average absorbance of the control wells.
The obtained RVC data were plotted as a function of the extract fraction to draw a ''dose-response curve''.
Quantitative analysis of metallic elements
The quantification of metallic elements in the extract with two disks of each of the alloys was performed by ICP-MS at Mitsui Chemical Analysis & Consulting Service Inc. The quantification of 4 metallic elements, Ti, Mo, Al, and Ni, was performed for the extracts mixed with dilute nitric acids under the optimum condition for each element in triplicates. The detection limit of each element is 10 ppb and the coefficient of variation is less than 10%.
Results and Discussion
Cytotoxicity test in static conditions
The microscopic images of the cells cultured on three kinds of alloys for 1, 4, and 7 d are shown in Fig. 2 . After the incubation of 1 and 4 d, the cells were observed as scattered stained dots. After 7 d of incubation, cells grew and spread to cover almost all surface area of the disk of Ti-50.2Ni, while some empty space was observed on the disk of Ti-6Mo-3Al and Ti-6.5Mo-3Al. Cells on Ti-6Mo-3Al and Ti-6.5Mo-3Al showed narrow, long, spreading form along the polishing direction (horizontal in Fig. 2 ) rather than those on Ti-50.2Ni. Figure 3 shows the ratio of the surface covered by cells obtained by the image analysis of the cells cultured on the disks. No significant difference was observed in the surface ratio covered by cells for all incubation periods. As mentioned above with Fig. 2 , cell growth on the surface of Ti-6Mo-3Al and Ti-6.5Mo-3Al is less homogeneous than that on Ti-50.2Ni after 4 d-and 7 d-incubation, resulting in the larger value of the standard deviation of these developed alloys than that of Ti-50.2Ni after these incubation periods.
In the cytotoxicity test under static condition, two factors may influence cell growth on the disks; released metal ions from the disks and adsorbing protein onto the disks. The XPS analysis of the Ti-Ni shape memory alloy revealed that its surface oxide layer is constructed by titanium oxide with 0.1 at% of Ni, 3) which is highly stable in a culture medium under static condition. 4) Therefore, no release of Ni is expected from the Ti-Ni disk, resulting in no inhibition of cell growth. In our results of cytotoxicity evaluation under static condition, cell growth is not clearly inhibited on the surface of Ti-50.2Ni disk. In case of Ti-Mo-Al alloys, the composition of the surface oxide layer is not examined. However, a Ti-Mo-based alloy, Ti-2%Fe-17%Mo-10%Mn-14%Nb-6%Zr (mass%), was reported to have a surface layer of titanium oxide containing smaller amounts of the oxides of Mo, Mn, Nb, and Zr. 35) This fact suggests that Ti-Mo-Al alloys employed in this study can be considered to have a surface oxide mainly constructed by titanium oxide, containing small amounts of the oxides of Mo, and Al. Therefore, all the alloys employed in the present study have predominantly titanium oxide layer on its surface, suggesting a similar corrosion resistance and behavior of protein adsorption on it, which results in a similar level of cell growth under static condition. In our results, no significant difference was 1d 4d 7d
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Ti-6Mo-3Al Ti-6.5Mo-3Al Fig. 2 Magnified images of the cells cultured on the disks of Ti-50.2Ni, Ti-6Mo-3Al, and Ti-6.5Mo-3Al. Ti-6Mo-3Al
Ti-6.5Mo-3Al Fig. 3 The ratio of the surface of Ti-50.2Ni, Ti-6Mo-3Al, and Ti-6.5Mo-3Al disks covered by cells after 1, 4, and 7 d of incubation (average AE standard deviation).
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It is now widely recognized that surface topography such as grooves can control morphology and orientation of the cells attached onto the surface. Therefore, long, spreading cell morphology observed on Ti-6Mo-3Al and Ti-6.5Mo-3Al could be the influence of the surface topography of the disks. Then, surface profiles of these alloy disks were examined using a surface measuring equipment (Surftest SV-400, Mitutoyo, Japan) and shown in Fig. 4 . Surface roughness of both of Ti-Mo-Al alloys was higher than that of Ti-50.2Ni. The maximum height (R y ) of Ti-6Mo-3Al and Ti-6.5Mo-3Al was 2.8 and 2.2 mm, respectively, whereas that of Ti-50.2Ni was 0.92 mm. Orientation of fibroblasts along the grooves with the depth from submicron to a few micrometers on material surface was now a commonly reported phenomenon. 36 ) Therefore, the long, spreading morphology and orientation of the cells along the polish mark on both of TiMo-Al alloys is attributed to the larger R y of these disks than Ti-50.2Ni. Surface grooves or microtopography control not only cell morphology or orientation but also cell function such as proliferation and migration. The inhomogeneous growth of cell on these Ti-Mo-Al alloys may also be attributed to the larger surface roughness.
Cytotoxicity test in dynamic conditions
Generally, the biocompatibility of the metallic materials depends on the metal ions and compounds released from the metallic device by corrosion and wear. Most of the implanting devices were used in dynamic conditions facing to the wear such as the sliding surface of an artificial joint and to the fretting (wear in small amplitude) such as the interface between the screw and the hole of the plate on bone fixing devices. The wear and fretting accelerate the corrosion of metallic materials in a biological environment such as body fluid and cell culture medium. 4, 37, 38) Therefore, the cytotoxicity evaluation under dynamic condition, which causes wear or fretting, is preferable to estimate the risks on biocompatibility of metallic materials for implant devices. In the present study, the extracts of three alloys were prepared under dynamic condition causing wear at the interface between the disk and the zirconia balls in cell culture medium at 37 C. The toxicity of the metal ions released from metallic devices depends on the kind of metal ions as well as their concentrations. Even in a certain metal ion at a very low concentration can cause toxic reaction of cells. [37] [38] [39] In the present study, the extracts preparation was performed in two ways; using one or two disks of each alloy. The doseresponse curves of the extracts using one disk of each alloy under wear conditions are shown in Fig. 5 . For all three alloys, RVC decreased to 60% when the fraction of the extracts increases up to 0.5, however, no significant difference was observed between the values of Ti-Mo-Al alloys and that of Ti-50.2Ni at the extract fraction of 0.5.
The dose-response curves of the extracts using two disks of each alloy under wear conditions are shown in Fig. 6 . The curves of Ti-6Mo-3Al and Ti-6.5Mo-3Al are similar to each other; both of the RVC decreased around 60% at the extract fraction of 0.5. The RVC of Ti-50.2Ni, however, started to decrease when the fraction of the extract is over 0.125, resulting in the RVC of about 40% at the fraction 0.5. The RVC of Ti-50.2Ni is significantly lower than those of Ti-MoAl alloys when the extract fraction is over 0.125. These results indicate that the extract using two disks of Ti-50.2Ni has higher cytotoxicity than the other two, whereas no difference was observed in the cytotoxicity of the extracts using one disk. It is also suggested that the extraction conditions such as a disk size, weight, kind, the amount of extraction medium, rotating speed, etc. are important for cytocompatibility evaluation of materials. The best strategy is to set up the extracting condition which is exactly same as that of the device, when it is implanted into the human body. However, trying all conditions for all possible applicable devices is almost impossible to perform and time consuming. Therefore, it is necessary to decide a standard condition for biomedical material testing. In the present study, we simply change the disk area, which is expected to result in simply the difference in the concentration of the released metal ions and debris. In the human body, however, higher concentration of the released ions and debris is attributed to the severe wear or fretting condition that the device faces. Therefore, the cytocompatibility evaluation of the extracts under the dynamic condition with two disks is considered to reflect the biocompatibility of the device in severe wear or fretting condition in the human body. Based on the result that Ti-50.2Ni showed higher cytotoxicity than Ti-Mo-Al alloys when two disks were employed for dynamic extraction, it may be concluded that Ti-50.2Ni maybe less biocompatible in severe wear or fretting condition that the device faces in the human body. The concentrations of each metallic element detected in the extracts using two disks of each alloy after 14 days under dynamic conditions are shown in Table 1 . In the extract of Ti-50.2Ni, Ni was detected as the concentration of 82 ppb whereas Ti was detected as 20 ppb. This fact suggests that Ni was preferentially released from Ti-50.2Ni alloy. The preferential release of Ni was reported on Ti-6Al-4V where the nickel is not contained as a component element but contained as impurity at the concentration less than 0.01 mass%, 38) since titanium source, ''sponge titanium'' contained Ni as impurity. In order to confirm that Ni is released from Ti-6Al-4V alloy in the dynamic condition of the present study, we prepared the extract of Ti-6Al-4V alloy disks and quantified the concentration of the metallic elements in it by the same manner. As the results, the extract contained 20, 29, 16, and 17 ppb of Ti, Al, V, and Ni, respectively. Ni was also detected as 24 and 28 ppb in the extracts of Ti-6Mo-3Al and Ti-6.5Mo-3Al, respectively, suggesting that the same phenomenon was observed in the cases of developed Ti-Mo-Al alloys. However, the release of Ni in the extract of Ti-50.2Ni is almost three times higher than those of Ti-Mo-Al alloys and Ti-6Al-4V alloy, which is attributed to the higher content of Ni in the Ti-50.2Ni alloy.
Concerning two Ti-Mo-Al alloys developed, Mo was detected as 17 and 29 ppb in the extracts of Ti-6Mo-3Al and Ti-6.5Mo-3Al, respectively, whereas Al was not detected in both of the extracts. The concentration of Ti was 21 and 20 ppb, respectively, suggesting the preferential release of Mo from these alloys. Though Mo and Ni were detected at slightly higher concentrations in the extract of Ti-6.5Mo-3Al than in that of Ti-6Mo-3Al, it is difficult to discuss this difference because quantification of the metallic elements is performed only with one extract for each of three alloys. Further investigation is required to discuss the tendency in release of metal ions and debris under dynamic condition.
Conclusions
Cytocompatibility of Ti-50.2Ni, Ti-6Mo-3Al, and Ti-6.5Mo-3Al was evaluated in static and dynamic conditions. Both of Ti-Mo-Al alloys had similar level of cell growth to Ti-50.2i in static condition. In dynamic condition, the cytocompatibility of these alloys depends on the extracting condition. In severe condition, Ti-Mo-Al alloys less inhibited cell growth than Ti-50.2Ni. Quantitative analysis of Ni in the extracts revealed that Ni was more released from Ti-50.2Ni than Ti-Mo-Al alloys. It is concluded that both of Ti-Mo-Al alloys have similar cytocompatibility to Ti-50.2Ni in static and mild condition, but they have better cytocompatibility than Ti-50.2Ni in severe condition. However, further research is required to confirm their good biocompatibility in vivo.
Ti-6Mo-3Al Ti-6.5Mo-3Al Results of the cytotoxicity tests of the extracts of Ti-50.2Ni, Ti6Mo-3Al, and Ti-6.5Mo-3Al in dynamic conditions using two disks. RVC (relative viability of the cells) was calculated by the following equation: RVC (%) ¼ ½ða À bÞ=ðc À bÞ Â 100, where a was the absorbance of the sample well, b was the absorbance of the blank well, and c was the absorbance of the control well at 595 nm (average AE standard deviation). Student's or Welch's t-test was performed between Ti-Mo-Al alloys and Ti-50.2Ni, and the results are shown as ÃÃ in case of p < 0:05 and as Ã in case of p < 0:1. 
